Abstract: We deposited a p-i-n structure device with alternative amorphous Si (a-Si) and amorphous SiC (a-SiC) multilayers as an intrinsic layer in a plasma-enhanced chemical vapor deposition (PECVD) system. A KrF pulsed excimer laser-induced crystallization of aSi/a-SiC stacked structures was used to prepare Si quantum dots (Si QDs)/SiC multilayers. The formation of Si QDs with an average size of 4 nm was confirmed by Raman spectra, whereas the layered structures were revealed by cross-sectional transmission electron microscopy. Electroluminescence (EL) devices containing Si QDs/SiC multilayers embedded in a p-n junction were fabricated, and the device performance was studied and compared with the reference device without the p-i-n structure. It was found that the turn-on voltage was reduced and that luminescence efficiency was significantly enhanced by using the p-i-n device structure. The recombination mechanism of carriers in a Si-QD-based EL device was also discussed, and the improved device performance can be attributed to the enhanced radiative recombination probability in a p-i-n EL device.
Introduction
A silicon-based light emitter is one of the crucial devices in realizing Si-based monolithic optoelectronic integration, which has the advantages of high speed and low power consumption [1] - [3] . Recently, Si quantum dots (Si QDs) embedded in an amorphous SiO 2 , SiN, or SiC host matrix have attracted much attention since they can emit intense luminescence both under optical and electronic excitation at room temperature [4] - [9] . It has been reported that the radiative recombination probability can be significantly enhanced in Si QDs compared with their bulk counterpart due to the enhanced overlapping of electron and hole wave functions in a confined system [10] - [13] .
In our previous works, Si QDs/SiC multilayers were fabricated by thermal annealing of amorphous Si (a-Si)/amorphous SiC (a-SiC) stacked structures at high temperature ð9 900 CÞ. Electroluminescence (EL) devices were fabricated by using a metal/(Si QDs/SiC) MLs/p-Si structure. The size-dependent EL characteristics were observed, which suggested that the origin of luminescence in Si QDs/SiC multilayers (MLs) can be attributed to the quantum confinement effect, which is different from that in Si QDs/SiO 2 MLs, in which the interface states played an important role in the recombination process [12] , [14] . However, the emission intensity at the present stage is still low, and the output light power is on the order of several picowatts. In order to further improve the emission efficiency, one of the possible ways is to utilize the p-n or the p-i-n junction structure to promote the carrier injection and recombination probability [14] , [15] .
In the present work, we propose the KrF pulsed excimer laser crystallization technique to prepare Si QDs/SiC MLs embedded in the p-n junction to get a p-i-n EL device structure. The laser crystallization technique can get size-controllable sizes without inducing the series impurities interdiffusion problem as reported in the high-temperature annealing process [16] . We show that the good rectification characteristics can be achieved in our EL device indicating the formation of a p-i-n junction after laser crystallization. It is found that the EL intensity can be obviously improved and that the turn-on voltage of the device is reduced compared with the device without the p-i-n structure. The power-low of EL intensity as a function of injunction current indicates that the radiative recombination is enhanced by forming the p-i-n device structure.
Device Structures and Experimental Details
A conventional plasma-enhanced chemical vapor deposition (PECVD) system was used to deposit a-Si/a-SiC multilayers at the substrate temperature of 250 C. The a-Si layer was prepared by using silane ðSiH 4 Þ gas, and the thickness was controlled at 4 nm while the a-SiC layer with thickness of 2 nm was prepared by using gas mixture of SiHS 4 and methane ðCH 4 Þ with a gas ratio of ðCH 4 =SiH 4 Þ ¼ 10. The total period is 20. Part of the samples deposited on p-Si substrate (1-3 cm) was successively deposited by Phosphorous-doped a-Si layer ($10 nm) as an n-type contact layer. This n-layer was deposited by gas mixture of PH 3 (1% in H 2 ) and SiH 4 with the ratio of ðPH 3 =SiH 4 Þ ¼ 10. It is found that the device properties get worse when we take a much higher phosphorus concentration to get a better conductive performance. The reference sample without the p-i-n structure was also prepared, which has only multilayers deposited on p-Si substrate. After deposition of samples, a KrF pulsed excimer laser (248 nm, 30 ns) was used to crystallize the a-Si layer to form Si QDs. A single pulse was used, and the laser fluence is ranged from 0 to 183 mJ=cm 2 , and the irradiation area is about 1 cm 2 . Finally, an Aluminum electrode was evaporated on the rear side of the p-Si substrate, and a transparent Indium-Tin-Oxide (ITO) electrode was used on the top side to get the EL device, as shown in Fig. 1 . Fig. 2 shows the cross-sectional transmission electron microscopy (TEM) image of prepared Si QDs/SiC MLs after laser crystallization. It is clearly shown that the periodic structure is still kept even after laser irradiation, and the thickness of each layer is in well agreement with the predesigned value. The formation of Si QDs in a-Si layers can be identified in the high-resolution TEM image, as given in the inset in Fig. 1 . The average size of the Si QDs is about 4 nm, which reflects the constrained crystallization in the multilayer structure, as reported in our previous works [17] , [18] . It is found that the a-Si layer starts to be crystallized when the laser fluence is higher than 150 mJ=cm 2 , and the crystallinity is gradually increased with increasing the laser fluence. As given in Fig. 3 , an intense and sharp band appears in the Raman spectrum ð$516 cm À1 Þ for Si QDs/SiC MLs after laser crystallization with fluence of 183 mJ=cm 2 . It is indicated that the a-Si layer is crystallized. It is worth noting that the a-SiC layer is quite stable both under the high-temperature annealing and laser annealing process, and the weak Raman band centered at 480 cm À1 as shown in Fig. 3 may be associated with the a-Si phase in SiC layers.
Results and Discussion
The current-voltage (IÀV ) relationship of the p-i-n device is investigated and compared with the reference sample without the p-i-n structure. As shown in Fig. 4 , the device with the p-i-n structure exhibits a good rectification characteristic. The reverse current is on the order of 10 À7 A, which is obviously reduced by three orders of magnitude compared with that of reference sample ð9 10 À4 AÞ. The I on =I off ratio of the prepared p-i-n device at voltage of AE6 V is larger than 10 4 , which suggests the formation of a good p-i-n junction containing Si QDs/SiC MLs using the present approach. Fig. 5 shows the room temperature EL spectra for the p-i-n device and the reference sample at the applied bias of 10 V. A broad EL band is observed, and the EL intensity of the p-i-n device is enhanced compared with that of the reference sample. The EL spectrum can be divided into two sub-bands, which are located at 750 nm and 930 nm, respectively. The 750-nm emission can be attributed to the recombination of electron-hole pairs in Si QDs. G. R. Lin et al. pointed out that the band-to-band transition energies of first-order excited states for a nc-Si QD with the diameter of 4 nm are calculated as E 1 ¼ 1:64 eV ð ¼ 756 nmÞ, which is well in agreement with the emission peak energy of band I observed in our case [19] . However, the EL spectrum exhibits a relatively long wavelength, which may due to the size deviation, and some of the Si-QD size could be larger than 4-5 nm. The 930-nm emission can be explained as the recombination via interface states or the band tail states of a-SiC [20] - [22] . The remaining shadowed part in the infrared region can be ascribed to the band-edge emission of the Si substrate [21] . The EL device performance can be further evaluated by estimating the luminescence efficiency. We calculated the ratio of integrated EL intensity to the injection current at a given voltage, which can reflect the device luminescence efficiency. As given in Fig. 6 , it is clearly seen that the emission efficiency is 5-10 times higher than that of the reference sample in the measurement range.
The improved device performance can be attributed to the increased radiative recombination probability of electron-hole pairs by forming the p-i-n junction. In order to further understand the recombination process of injected carriers, the relationship between the EL intensity and injection current is studied both for devices with and without the p-i-n structure. It is known that the current can be expressed as I ¼ N Z ð1 G Z G 3Þ, where N is the carrier concentration, and Z is a power index. Z ¼ 1, 2, and 3 stands for the recombination of carriers via defect states, radiative, and Auger process, respectively [21] , [23] . Taking into account that the EL intensity P EL is proportional to the radiative recombination of electron-hole pairs, P EL $ N 2 , one can get P EL $ I 2=z . Therefore, by plotting the power relationship of EL intensity P EL as a function of current I, the Z parameter can be deduced. The dependence of EL intensity on the current of the p-i-n device and the reference sample is shown in Fig. 7(a) and (b) , and the deduced Z-parameter is given in the inset in Fig. 7 . It is found that the Z-parameter is 1.3 for the reference sample, and it is increased to 1.7-1.8 for p-i-n EL devices, which suggests that both the defect-related and radiated recombination processes are involved in our device, but the Auger recombination process can be negligible. The Z-parameter was also studied in SiO x :Si-QD light-emitting devices previously. The Z parameter data in our case are very close to 2, whereas the obtained value in the SiO x :Si-QD case is 2-3, which indicated that Auger recombination becomes dominant under high bias by using the SiO x matrix [24] . We contribute our advantage to the SiC host matrix in two aspects. Firstly, the SiC matrix has a lower potential barrier compared with the SiO x matrix, which makes it easier for the current injunction. Secondly, a better thermal dissipation of the SiC host matrix could contribute to the result in a large extent. The increased Z-parameter indicates that radiative recombination dominates the recombination process of injected carriers in the p-i-n device, which can explain the improvement of device performance.
Conclusion
In summary, we have reported the p-i-n structure EL device prepared by laser crystallization with Si QDs/SiC multilayers embedded. It was found that the diffusion of impurities can be restrained and that the structure remains well after laser irradiation. Moreover, we found out that the recombination process of electrons and holes was enhanced within the p-i-n structure by establishing the Z-parameter model, which results in enhancing the emission efficiency 5-10 times higher than that of the reference sample without the p-i-n structure.
